This article describes a comparison between adsorption arid covalent binding of protein-conjugates (bovine serum albumin-diazoluminol), antibodies (sheep anti-human thyrotropin) and haptens ([ I25 ]thyroxine) to polystyrene, nylon and glass balls.
Die besten Kopplungsergebnisse wurden mit Polystyrolkugeln erreicht, die mit Poly phe-lys und anschließend
Introduction
Since Catt & Tregear first described the adsorption of antibodies onto plastic tubes (1,2) many commercial kit producers have adopted this method or variations thereof, in order to simplify methodology.
There are, however, several disadvantages of this adsorptive technique, some of which are described here. The adsorption of protein molecules, in this case antibody molecules, is based upon hydrophobie interactions and Van der Waal's forces, which inay not be strong eribugh to resist the incubation and wash steps included in assay procedures, especially when the latter involve the use of norMonic detergents such äs Nonidet, Tween and Brij. Up to 70% of the adsorbed antibody can be removed from the surface in such Steps (3) . At the same time, the precision and sensitivity of the assäy is negatively influê nced (3) .
In other cases, the antibody in question cannot be adsorbed to the surface and retain its immunoreao tivity (4) . Adsorption of antibodies and antigens onto ion-exchangers is no alternative, äs such electrostatic binding is highly susceptible to pH and salt-concentration changes, resulting in a high unspecific binding in addition to the loss in sensitivity and precision mentioned above (5) Covalent coupling of molecules to microparticles such äs cellulose, glass of nylon leads to an increase in stability, but does not alleviate the need for centrifugation. In order to improve the ease of handling in assays alfeady published from this Department (6) (7) (8) , a prelirriinäry study of solid-phases was carried out to test their suitability for immobilisation of reaction partners (4, 9) . The results here presented enlarge üpoft this study, and present in detail the methods of immobilising molecules on macro-solid-phases, here balls of 6-7 mm diameter made of glass, polystyrene or nylon. Balls were chösen to allow for a "tube=transfer" step before measurement, to reduce the unspecific effects contributed by the vessel wall. The use of cö-ated balls allows for easy automatiori or semi-äuto-mation of the method, äs already seen in certain commercial kits (Abbott, Hepatitis and Tumour diagnostic radio-and enzymeimmunoassays). The aiin of this study, presented in three parts, is tö demonstrate thät it is possible to produce reactants coupled to polystyrene balls which give rise to assays with ex* celleiit precision, a point pften not seen using purely adsorptive techniques.
Materials and Methods

Materials
Soda-glass balls (7 mm diameter) were purchased from Sternkppf, Lübeck, Germany. Polystyrene arid Nylon balls (6.4 mm diameter) were obtained either from Precision Plastic Ball Co., Chicago, Illinois, Ü.S.A. or from Spherotech Kugeln, Fulda, Germany. I]thyroxine was chösen äs hapten, bovine serum albumin-diazoluminol äs protein and a sheep anti-human thyrotropin IgG-fraction äs an antibody to study adsorption to the different solid phases. These .substances wefe qüantified using established physico-chemical raethods. They were also used in the covalent binding studies.
Silanisation of glass balls ttsing organofunctional aminosilanes,.föl-lowed by activation with pentane-l,5-dial
Glass balls were activäted accordirig to the methods described by Weeiall (10) usirig aminoälkyl silanes. A solution'of pure silane (10 ml) was made up in distilled water (190 ml) and added to a two-necked roünd-bottoiiied flask (500 ml), cooled'in ice and fitted with a water-cooled reflux condenser. The pH was adjusted witn 7 mol/1 HC1 to between 3 and 4. The silanes used were coded GF-90 and GF-91 which had the followipc structural fonnulae:
100 g chromic acid-washed glass balls were added to the flask, which was then heated at 75 °C for 3 h in a fume cupboard with occasional shaking. After washing the balls with distilled water, the silane coating was stabilised by heating at 115 °C in a drying oven for 6 h. The resulting alkylamine coated glass balls were stored in a dessicator at room temperature until use.
The subsequent activation with pentane-l,5-dial was carried out by immersing the balls in a 20 ml/l solution of pentane-l,5-dial in distilled water and allowing them to stand for 30 min at ambient temperature with occasional shaking. The balls were washed twice with 11 distilled water and once with 500 ml 0.15 mol/1 NaCl. The presence of aldehyde groups on the surface of the balls was tested for with Schiffs reagent (p-rosaniline reduced with SO 2 ), s follows: A treated ball was placed in a test-tube and 500 μί Schiffs reagent added. The tube was stoppered and allowed to stand for 10-15 min. The presence of free aldehyde groups was seen s a purple shimmer on the surface of the ball. As a control, a chromic acid treated ball was taken through the same procedufe.
After the presence of free aldehyde groups had been demonstrated the coupling of hapten, protein or antibody was carried out. The concentrations and volumes here given are for 100 balls. The coupling solution was prepared by dissolving 500 μg of the molecule to be coupled in 20 ml distilled water and the balls added over a period of 2-3 s. The resulting mixture was lightly shaken and adjusted to an end concentration of 0.05 mol/1 phosphate buffer, pH 7.5 using a 0.5 mol/1 stock solution. The coupling reaction was allowed to proceed overnight at 4 °C. The resulting Schiffs bases were reduced with NaBFU or with NaBHsCN at a concentration of 0.075 mol/1, with a reaction time of 2 h at ambient temperature. If NaBH 3 CN was used, the reaction was carried out in a fume cupboard;
Activation of polystyrene balls a. Adsorption of poly phe-lys with subsequent pentane-l,5-dial activation A stock solution of poly phe-lys (l g/l) was made by dissolving 100 mg of the co-polymer in 100 ml distilled water. Solution occurted at 60 °C under stirring and took 30-40 min for the MilesYeda compound. The Sigma poly phe-lys dissolved rapidly, solution being attained within 2-3 minutes. The stock solution was stored at 4 °C until use. No evidence of microbial growth was observed for periods up to 4 weeks storage in the refrigerator.
5 ml of poly phe-lys stock solution was made up to 200 ml with distilled water and po red rapidly over 1000 .polystyrene balls in a 500 ml conical flask, the resulting mixture being agitated regularly over the first 60 minute period. The flask was allowed to stand at room temperature overnight to complete the coating procedure.
The coated balls were washed once with 500 ml 0.15 mol/1 NaCl followed by two w shes with 2 x 500 ml distilled water. The activation with pentane-l,5~dial and subsequent coupling of hapten, protein or antibody was identical to that in previous section, except that the amount of sheep anti-human thyrotropin IgG was 2.5 μg/ball instead of 5 μg/ball (see (c) belpw).
b. Activation via nitration followed by reduction and diazotisation
Amination of polystyrene has already been published (11) and a similar method is described here. The concentrations and volumes are for 1000 balls. 250 ml 10 mpl/1 HNO 3 were po red over 1000 polystyrene balls in a 500 ml conical flask and heated at 50 °C for 90-120 min, the time depending upon the-degree of nitration required. This was seen when a yellow surface remained after washing a ball with copious amounts of distilled water. The nitrated balls were washed with distilled water until the wash fluid had a pH above 2. Sodium dithionite (50 g/l) solution was added until the balls were covered and the flask then allowed to stand for 18-24 h at room temperature. During this time a precipitate of amorphous sulphur formed, at the same time the colour of the balls had changed from golden-yellow to greenish-yellow, confirming that reduction had taken place. The balls were then washed with 4 χ 500 ml distilled water and covered with 250 ml l mol/l HC1 and then stored in an ice-bath. When the solution had reached 3 °C, solid KNO 2 was added to give an and concentration of 2.5 mol/1. The addition of KNO 2 took 20-30 minutes with regul r agitation of the flask. The diazotisation was allowed to proceed for 2 h at 0 °C, after which the balls were washed with distilled water until the wash solution remained negative to starch-iodide paper. Coupling of peptides and proteins was carried out using 5 μg substance to be coupled per ball. Diazo-coupling was carried out s follows: 100 diazotised polystyrene balls were added to 25 ml 0.05 mol/1 Na 2 B 4 O? at pH 9.35 and cooled to 0 °C in an ice-bath. l ml of the peptide (500 μg) was added dropwise under continuous agitation over a period of 5-10 min. The coupling was allowed to proceed overnight at 4 °C after which the balls were washed with l χ 200 ml 0.15 mol/1 NaCl followed by 2 χ 200 ml distilled water.
c. Preparation of the sheep anti-human thyrotropin IgG and subsequent reaction with [ I25 IJthyrotropin 1 ml of a sheep anti-human thyrotropin serum was precipitated with 2 ml polyethylene glycol (M T 6000) solution (200 g/l), the precipitafe being washed with l ml 0.15 mol/1 NaCl and then dissolved in 0.5 ml 0.01 mol/1 phosphate buffer, pH 8. This was then transferred to a DEAE-cell lose column in a 5 ml syringe and eluted with 0.01 mol/1 phosphate buffer, pH 8. The fractions with the maximal binding capacity for [ I25 l]thyrotropin were pooled and the protein concentration determined with the Lowry method. The balls were coated s described above, using 2.5 μg protein/ball. The binding of radiolabelled thyrotropin was performed s follows: 50 μΐ [ Ι25 Ι]thyrotropin was added to 200 μΐ assay buffer (0.05 mol/1 Tris-HCl containing 2.5 g/l bovine serum albumin, pH 7.4) and an anti thyrotropin coated ball added. After a 4 h incubation at ambient temperature, the assay mixture was aspirated off, the ball washed with 2 x l ml 0.15 mol/1 NaCl, transferred to a clean tube and the radioactivity measured. Non-specific binding was tested for in which the [ 125 I]thyrotropin tracer was replaced with [
125 I]thyroxine binding globulin, the same number of counts being added to these tubes.
Activation of nylon balls
Methods for activation and modification of nylon have been published extensively (12) . The nylon balls used in this study were first washed with distilled water followed by 2 mol/I NaCl to remove small particles adhering to the surface. a. Partial hydrolysis 1000 balls were added to 250 ml 3 mol/1 HC1 in a 500 ml conical flask, which was then heated to 60 °C for 30 min. After cooling, the balls were washed with 4 x 500 ml distilled water, after which they allowed to stand in 500 ml 0.15 mol/1 NaCl for 30 min. The NaCl was changed every 30 minutes until the pH remained constant. Hydrolysis with NaOH gave rise to difficulties s it was not possible to rernove all the NaOH remaining in the pores after reaction. Leakage of alkali was detectable several days after partial hydrolysis with NaOH.
b. Chemical activation of nylon balls
Activation with pentane-l,5-dial was carried out s described above, the subsequent coupling of the substance in qucstion taking place directly after activation, Activation with N-cyclohexyl-NX2-(N-methylmorpholino)-cthyO-carbodiimide/Moluene sulphonate was carried out at pH 4 in a low-ionic strength solution (distilled water adjusted with 0.01 mol/l HCl). The molar ratios of the reactants were calculated so that the relationship between reactants was approximately ballcarboxyl-groups: carbodiimide 1:10. The ligand to be coupled was always in excess. The coupling procedure was äs follows: The first reaction between N-cyclohexyl-N'-(2-(N-methylmorpholino)-ethyl)-carbodiimide p-toluene sulphonate and nylon balls was carried out by adding the N-cyclohexyl-N'-(2-(N-methylmofpholino)-ethyl)-carbodiimide p-toluene sulphonate solution to the balls, keeping the pH between 3.8 and 4.2 with 0.01 mol/I HCl or NaOH over the activation time of 120 min at ambient temperature. The balls were then washed with 2 x 500 ml 0.01 mol/I phosphate buffer, pH 6. A solution of the ligand (5 g/baIl) was added to the balls, the ligand being dissolved in 0.01 mol/1 phosphate buffer, pH 6. The second stage of the reaction was allowed to proceed at 4 °C for 24-72 h, after which the balls were washed with 0.15 mol/1 NaCI followed by distilled water. The volumes of Solutions and reaction vessels were identical to those in (a) above for 1000 balls.
Saturation of unspecific binding sites on the ball surface
After the specific couplmg of the substance in question to the ball surface, possible "active" binding sites were blocked by Saturation with a protein solution in Tris-HCl buffer. The Saturation procedure was the same in all cases, irrespective of the ball material. The balls activated with carbodiimide or pentane-l,5^dial were allowed to stand in a 25 g/l solution of either bovine serum albumin or human transferrin in 0.01 mol/1 Tris-HCl pH 7.2 (250 ml/ 1000 balls), for 24-96 h at 4 °C. In many cases optimal Saturation was not achieved until after 96 h.
The balls coated using adsorptive techniques or activated by diazotisation were blocked with bovine serum albumin (25 g/l) dissolved in 0.15 mol/1 NaCI, adjusted to pH 7.2 with 0.1 moL/l phosphate buffer.
After Saturation, the balls were either stored in 0.05 mol/1 TrisHCl containing 10 g/l bovine serum albumin and 0.1 g/l NaNa, pH 7.2, or dried under a stream of compfessed air and stored in tightl y stoppered plastic bottles at 4°C or room temperature.
Preparation of a bovine serum albumin-diazoluminol conjugate
50 mg luminol (5-amino-2,3-dihydro-l,4-phthalazine dione) (0.35 mmol) were suspended in 10 ml ice-cold l mol/1 HCl. 60 mg (0.7 mmol) KNOa was added under stirring over a 10 minute period, keeping the reaction vessel in an ice-bath. As the reaction proceeded, the green-yellow Suspension changed into a clear • orange-red solution, which could be stored for up to 72 h at -20 °C before being used, although the best results were obtained with the freshly diazotised luminol.
20 mg bovine serum albumin were dissolved in 10 ml 0.1 mol/1 carbonate hydrogencarbonate buffer, pH 9.5 and cooled to 0 °C in ice. 2QO ! of the diazotised luminol was added dropwise under continual stirring over 15-20 minutes, keeping the pH between 9 and 9.5 with l mol/1 K 2 CO 3 . The reaction was allowed to proceed overnight at 4 °C. Unreacted diazoluminol was removed by passing the mixture over an Ultrogel A6 column (80 x 3 cm) collecting fractions of approximately 2 ml. The elution buffer was 0.01 mol/1 phosphate in 0.15 mol/1 NaCI, pH 7.4. Around 90% of the bovine serum albumin was eluted in fractions 35-45. the molar Substitution rate was detected photometrically (see Instrumentation and Practical Details).
Instrumentation and Practical Details
Radioactivity measurement
Radioactivity measurements were made with a NE 1600 multihead gamma spectrometer (Thorn-EMI/Nuclear Enterprises, Sighthill, OB).
· · r Spectrophötometric measurements
Spectrophotometric determinations were carried out using a Beckman 24 spectrophotometef (Beckman, Munich).
The determination of the molar Substitution ratio diazoluminol: bovine serum albumin was carried out using the välüe £347 = 7.1 x 10 7 m 2 /mol for luminol (13) . Using this approximatiori a molar Substitution rate of ca. 8:1 was obtained. The lowest detectable amount of conjugate was ca. 3 x 10~1 0 mol/1 or 3 X 10~1 4 mol/ tube using a 100 sample.
Chemilüminescence measurement
All measurements were made manually using an LKB 1250 lum,inometer coupled to a microcornputer (LKB Data Box 1223) with chemiluminescehce programme, connected to a Teletype printer (model 43). All equipment was supplied by LKB-Wallac, Turku, SF. Hydrogen peroxide, used äs "start" ieägent was dispensed from a pfögrammable constant-velocity dispenser-dilutor (Hamilton-Mä·* cro-Lab P, Bonaduz, CH). AU metal fittings were replaced by Teflon to eliminate M+^-ion catalysis of the chefniluminescent reaction. The pxidation System used was an alkaline pseudoperoxidase solution. Microperoxidase -*· MP 11 (Sigma) stock solution was made by dissolving 2 mg in 10 ml 0.05 mol/1 Tris-HCl, pH 7,4. This solution was stable at 4 °C in excess of 12 months. Wörking Solutions of micropefoxidases were prepared by diluting the stock solution 1:50 with 0.05 mol/1 phosphate buffer containing 4 g/l bovine serum albumin pH 7.4.
The reaction System was äs follows:
Microperoxidase (wofking solution) NaOH (2 mol/1)
Ball or solution to be measured 100 200
Transfer to luminometer and initiate by injecting 120 (100 300 g/kg solution in 10 ml distilled water).
The light signal was integrated over 20 or 30 s, during which time 250 single measurements were made, the integral being given in mV. A pH between 13 and 14 was chosen to slow down the kinetics of the light-generating reaction. A reägent blank was run in which the substance to be measured was replaced by a transferrincoated ball or by phosphate buffer (0.05 mol/1, pH 7.4). Column l shows the binding after ari overnight incubation ät 4 °C together with resistance to different w^sh steps, the latter being standardised äs foilows: l ml of wash solution was dispensed into each tube, after which the tübes were vortexed batchwise for 10 s at a constant speed (Vortex mixer, SMI Serono, Freiburg i. Br., Gefmany). The wash solution was aspirated off on a vacuum pump with a Pasteur pipette, the ball being trarisferred to a clean tube before being counted.
Results
Binding of[-5 I]thywxine to macro solid phases -an example of hapten-binding
Colurhn 2 shows the binding of [
125 I]thyroxine to pentane^l,5-dial activated balls, the reaction time bing 16 h followed by reduction with NaBH 4 (see methods). Cölumn 3 shows the same äs column 2, but with a reaction time of 32 h followed by a single NaCl wash and no NaBH 4 reduction.-The washing and measuring procedüre was äs above.
Although the ligand is bound covalently and adsorptively to the balls, the difference is seen in the resistance to wash Steps and wash Solutions. The binding to the chemically activated balls was, äs to be expected, higher and more resistant to removal by washing, even when high salt and/or detergent Solutions were used. As can be seen from Table l, the best results were obtained with Carbodiimide activated nylon balls. The worst results were from hydrolysed nylon balls followed by the silanised glass balls. Stabilisation of Schiffs bases with NaBHU made no difference to the results. Balls pre-treated with pentane-1,5-dial alone were unstable to borohydride reduction, all radioactivity being removed frpm the surface. Prolongation of the second phase of the carbodiimide coupling to 32 h increased the amount of radioactive thyroxine covalently bound to the ball surface. Column l shows the resistance to NaCl washirig, columns 2 and 3 to Tween 20 and l mol/1 KC1. The results are similar to those in. table 1. The high unspecific binding to hydrolysed nylon balls is probably the most interesting result here, demonstrating that pores on the surface are not readily accessible to the wash Solutions, at least in the short wash phases used here. Table 3 shows the binding of bovine serum albumindiazoluminol in an analogous manner to tables l and 2 above. Cohimn l shows binding after 16 h react ion, column 2 after 38 h reactiönV The units üsed are mV · s, i.e. the integral expressed äs change in potential at the photomultiplier.
Binding of[ 125 I]thyrotropin to immobilised sheep anti-human thyrotropin IgG
Binding of bovine serum albumin-diazoluminol to the balls
Again the results are similar to those iiä tables l and 2. The stability of the polystyrene ball adsorbed conjugates was studied ät gfeater length, the results being shown in table 4. After treätment with pöly phelys, the adsorptive capacity was increased, not however, the resistance to detergent and high sah corjicentratipn. Wheii pply phe-lys is activated with pent ane*l,5 b aial, the increase in binding capacity was also present, here however, also the stability to high salt concentrations and detergeüts in the wash solutions. In fact, the latter combination was adopted for roütine use, äs can be seen in parts 2 and 3 of this article.
Tab. 2. This shows the fraction of tracer specifically (Bo/T) and non-specifically (ÜB/T) bound to sheep anti-human thyfotfopifi coated balls. The specific binding was with 125 I-labelled thyrotropin (25 000 counts per minute total) and the unspecific binding with 125 I-labelled thyroxine binding globulin (25000 counts per minute total). As the latter can only reflect the unspecific binding, only the mean percent binding has been given. Again, äs above, the results represent the mean and Standard deviation frorn 10 balls. Carboxynylon was prepared according to Sundaram (12) . Tab. 4, Here the effects of detergent washing during the activation of polystyrene balls with poly phe-lys and pentanedial are demonstrated. The conjugate used is bovine serum albumin-diazoluminol äs in 
Discussion
In the experirn^ents described here, nö satisfactory results were obtained using glass balls. The actual coupling of materials to glass presented in itself no problem, however, under laboratory conditions the necessary precision was lacking. On the one band, the silanisation process described by Weetall (10) whereby covalent linkage between silane and the silica molecules in the glass are described, must be questioned äs the work of Schmidt et al. (14) show that the silanisation is mainly due to polymerisatiori of the silane followed by burning on the coated material at temperatures up to 300 °C The results of Schmidt correspond with observations made during modification of polymers by coating with silanes (15) . The use of a coating machine äs described by Schmidt (14) may very well standardise the procedure so that precisely coated glass balls could be pf oduced, which would give adequate capacity of coupled groups with low unspecific binding. Nylon balls can be used when adsorptive procedures are adopted and where washing with detergent or Solutions of high ionic strength can be avoided. Covalent coupling of ligands to nylon can be best effected with carbodiimides, the stability to detergent and high sah concentrations then being given, allowing assäys to be performed where such Steps are necessary to reduce unspecific binding (16) . The activation of nylon with pentane-l,5-dial reduced the binding capacity, possibly due to cross-linkage between adjacent free amino groüps.
The most practical and reproducible coating method, and the one which is now in routine use in this laboratory is that using adsorption of poly phe-lys to polystyrene balls followed by activation with pentane-1,5-dial arid coupling of the required ligand. the poly phe-lys fulfills two iniportant requisites, firstly the strong hydrophobic interaction between the phenylalanine residues and the polystyrene surfaqe and secondly the introdüction of "reactive" ämino groups with spacer-arm in the form of the terminal amino group of lysine. The further activation with pentanel,5^dial gave rise to an eleven membered side^chain spacer. The assäys which have been built up using polystyrene balls treated in this way are described in the third part of this article and irivolve haptens such äs gentamicin and thyroxine, serum proteins such äs transferrin and ferritin, äs well äs hormones such äs thyfotropin.
The somewhat extensive amination of polystyrene is possible but cannot be recommended in terms of simplicity, whefe the above "activation" with poly phe-lys is possible, The poly phe-lys^pentanedial cömbination alleviates the need for "ekpert chemical knowledge", and can be carried out in almost any lab oratory.
Attempts at a direct aeylation of polystyrene using a Friedel-Craft reaction had to be abandoned due to the lack of an organic solvent which did not dissolve the polystyrene. Even cyclohexane which is reported not to affect polystyrene (17) dissolved the balls slowly. To conclude, the use of macro solid phases is an important step in automation and simplification of immunoassays. The problem of unäcceptable precisioii due to non^ or hardly reproducible coating proeedufes has deterred many workers from considering such a System. The experiment'al results described here show that it is possible to optimise solid phase coating so that precision preseiits no prob16ms. The results presented in the following two parts of this article confirm
